Abstract: Non-melanoma skin cancer (NMSC) is the most common malignancy among the Caucasian population. Photodynamic therapy (PDT) is gaining popularity for the treatment of basal cell carcinoma (BCC), Bowen's disease (BD) and actinic keratosis (AK). A topical or systemic exogenous photosensitiser, results in selective uptake by malignant cells. Protoporphyrin IX (PpIX) is produced then activated by the introduction of a light source. Daylight-mediated MAL (methyl aminolaevulinate) PDT for AKs has the advantage of decreased pain and better patient tolerance. PDT is an effective treatment for superficial BCC, BD and both individual and field treatment of AKs. Excellent cosmesis can be achieved with high patient satisfaction. Variable results have been reported for nodular BCC, with improved outcomes following pretreatment and repeated PDT cycles. The more aggressive basisquamous, morphoeic infiltrating subtypes of BCC and invasive squamous cell carcinoma (SCC) are not suitable for PDT. Prevention of "field cancerization" in organ transplant recipients on long-term immunosuppression and patients with Gorlin syndrome (naevoid basal cell carcinoma syndrome) is a promising development. The optimisation of PDT techniques with improved photosensitiser delivery to target tissues, new generation photosensitisers and novel light sources may expand the future role of PDT in NMSC management.
Introduction
Non-melanoma skin cancer (NMSC) is the most common malignancy among the Caucasian population [1] . The incidence is estimated to rise by 3%-10% annually [2] , presenting an increasing demand on healthcare resources. Surgery is the traditional mainstay of treatment, giving high cure rates with clear identification of tumour margins [3] . In recent decades, alternative chemical and physical destructive techniques have been introduced [4] . Photodynamic therapy (PDT) is gaining popularity for the treatment of certain types of basal cell carcinoma (BCC), Bowen's disease (BD) and actinic keratoses (AK) [5] .
PDT involves the application of an exogenous photosensitising agent, which is selectively taken up by malignant or premalignant cells [6] . The target cells convert the prodrug to protoporphyrin IX (PpIX), via the haem synthesis pathway [7] . Introduction of a light source causes activation of PpIX, formation of reactive oxygen species and cytotoxicity of malignant cells. Inflammation, secondary to PDT, induces proinflammatory cytokines, causing neutrophil migration to the treated tumour cells [8] .
Systemic PDT
Systemic PDT follows a similar method, using intravenous photosensitisers, followed by the application of a light source [14] . This allows deeper penetration of tumours, a key limitation of topical PDT. Porfimer-sodium (Photofrin ® ) was the first approved systemic photosensitiser and is indicated for lung and oesophageal malignancies [15] . The long half-life of Photofrin ® (21.5 days) results in generalised photosensitivity for several weeks, leading to poor patient tolerance and greater intensity of adverse skin reactions.
Second generation agents, such as Temporfin (Foscan mTHPC) and silicon phthalocyanine (Pc4) have greater absorption at longer wavelengths, with shorter periods of generalised photosensitivity [15] . Verteporfin (Visudyne BPD-MA) has been investigated in an open-label, randomised study of 54 patients with nodular and superficial BCC and BD [14] . Following a single intravenous infusion and 180 J/cm 2 of red light, 95% complete clearance rates were observed at 24 months. Less favourable outcomes were seen at lower light intensities (51% complete clearance with 60 J/cm 2 ) [14] . Meta-tetra (hydroxyphenyl) chlorin (mTHPC) is a chlorophyll derivative, currently licensed for advanced head and neck squamous cell carcinoma (SCC) and its efficacy for NMSC remains to be determined [16] .
Prophylactic PDT
Both topical and systemic PDT has shown benefit in murine studies for prophylaxis of NMSC [17] [18] [19] . Stender et al. investigated prevention of carcinogenesis using weekly topical ALA-PDT in hairless mice exposed to ultraviolet UV radiation. Despite delay in tumour development, the ALA treated group also experienced greater occurrence of large tumours (≥4 mm) [17] . This finding has not been corroborated in later studies. Liu et al. demonstrated that weekly topical or systemic PDT could increase tumour free survival on large skin surfaces of UV exposed hairless mice [18] . More recently, prophylactic treatment with either topical hexyl aminolevulinate (HAL 2%, 6% and 20%) or MAL (20%) were found to delay UV-induced SCC occurrence in hairless mice by 264 and 269 days respectively [19] .
Daylight PDT
Daylight-mediated MAL-PDT allows field treatment of non-hyperkeratotic actinic keratoses [20] . This simplified method is effective as the red or blue wavelengths required to activate porphyrins are present in daylight [21] . Following pretreatment (e.g., abrasion or superficial curettage), the photosensitiser (MAL) is applied for 30 min [12] . Occlusion is not required [22] . Sunscreen without physical blocking filters is essential to protect exposed areas from ultra-violet damage [22] .
The PpIX light dose must be equal to or greater than 8 J·cm −2 with an ambient temperature exceeding 10 • C [23]. Daylight PDT therefore remains suitable for use at higher latitudes, with seasonal limitation [23] . Patients are exposed to 2 h of daylight and must avoid sunlight for the remainder of the 24 h period [22] .
Decreased pain and better tolerance compared to conventional PDT (cPDT) results from lower intensity continuous production of PpIX [24] . Similar or greater efficacy than cPDT has been reported in several international randomised studies [21, [24] [25] [26] . One large Phase III multi-centre study reported 89.2% clearance for mild AKs at 12 weeks vs. 92.8% for MAL-cPDT [26] . A large European multi-centre Phase III, randomized, intra-individual study demonstrated non-inferiority of daylight PDT (70% compared to 74% clearance for cPDT of mild to moderate AKs at 12 weeks). Outcomes for daylight PDT were independent of weather conditions [24] . In a randomised multi-centre Nordic study, Wiegell et al. reported significantly greater efficacy for facial compared to scalp AKs treated with MAL daylight-PDT. Response rates were found to be independent of the overall mean effective daylight dose for all patients (9.4 J·cm −2 ) [27]. Smaller studies also support the use of daylight PDT. Clearance rates of 87% compared to 91% for cPDT were observed for grade I (mild) AKs in a prospective single-centre study [28] . Interestingly, a significantly increased clearance (up to 3%) was reported for each 5 • C rise in ambient temperature, thought to be due to increased production of PpIX within cells [28] .
Little evidence exists regarding the use of ALA for daylight PDT. A small randomised prospective study comparing ALA nanoemulsion (BF-200 ALA) with MAL-PDT reported no significant results [29].
Basal Cell Carcinoma
PDT is an established treatment for superficial and nodular BCC, but is not indicated for the more aggressive basisquamous, morphoeic or infiltrating subtypes [30] .
Szeimies et al. reported similar efficacy at 3 months for MAL-PDT and surgical excision in the management of superficial BCC in a large randomised multi-centre open study (92.2% clinical lesion response vs. 99.2% in the surgical group) [31] . Higher recurrence rates were observed following PDT, but the cosmetic outcome was superior [31] . A further randomised, multi-centre study compared MAL-PDT with cryotherapy for primary superficial BCC. There were comparable recurrence rates at 5 years, but a better cosmetic outcome was again observed for the MAL-PDT group [32] . In contrast, imiquimod has shown superiority and fluorouracil non-inferiority to MAL-PDT at 3 year follow-up of superficial BCC treatment in a large randomised controlled trial [33] . Improved clinical outcomes were found with repeated PDT cycles for primary superficial BCC in a recent systematic review (pooled complete tumour response increase from 75.6% to 79%) [34] (Figure 1 ).
Variable response rates for nodular BCC have been reported in several studies. MAL-PDT showed a significantly superior histological outcome to placebo at 6 months; with 73% to 78% complete response, compared to 27% to 33% for the placebo groups respectively in 2 multi-centre, double blind, randomised studies [35, 36] . Rhodes et al. observed comparable responses for primary nodular BCC treated with MAL-PDT or surgical excision at 3 months (91% and 98% respectively), with greater recurrence rates but improved cosmesis in the PDT group [9] . Sustained complete lesion response rates at 5 years for surgical excision of nodular BCC, compared to MAL-PDT were reported in a later randomised study (96% vs. 76% respectively). PDT gave consistently better cosmetic outcomes [37] . In contrast, a multi-centre study by Fantini et al. reported complete response of only 33% for nodular BCC following two treatments of MAL-PDT, compared to 82% clearance of superficial BCC (mean follow up 23.5 months). Tumour thickness, ulceration and location were identified as a prognostic indicators, with higher cure rates for truncal compared to limb lesions [3] . A further randomised controlled study of 173 primary nodular BCCs found surgical excision to be significantly more effective compared to a single treatment of fractionated ALA-PDT, with a failure rate of 2.3% compared to 30.3% for PDT at 3 year follow up [38] . Soler et al. observed better outcomes using two ALA-PDT treatments for both nodular and superficial BCC, giving comparable clinical response rates to surgery (95.83% complete response cf. 95.65%). Recurrence rates were also similar (4.16% vs. 4.34%) [39] . Long-term recurrence may limit the use of PDT for nodular BCC, although it may be suitable for cases where surgical excision is not appropriate.
Greater frequency of recurrence is observed for more aggressive BCCs, which may be due to genetic mutations conferring resistance to apoptosis. Aggressive subtypes often occur on the face and PDT should therefore be used with caution for facial tumours [30] . Randomised studies with only short-term follow up had previously reported high efficacy for facial nodular BCCs treated with MAL-PDT [35] .
The limited penetration of photosensitisers (1-2 mm) reduces the efficacy of PDT in thicker tumours. No association has been found between superficial BCC tumour thickness (up to 1 mm) and PDT failure [40] . Deep curettage prior to PDT may be beneficial for selected tumours, with cosmetic results maintained [41] . Dimethylsulphoxide (DMSO), which alters the intercellular lipid structure of the stratum corneum, has also been used as a pretreatment penetration enhancer [42] . Favourable 10-year response rates of 75% for primary small BCC have been achieved with curettage and DMSO pretreatment using ALA PDT for one or two sessions [43] . Intralesional ALA and light source application showed promising results in a small prospective study of 20 patients with nodular BCC, with no clinical recurrence observed (mean follow up 19.5 months) [44] . Pretreatment of nodular facial BCC with an ablative fractional laser is not currently recommended as an adjunctive therapy [45] . Preliminary studies have shown some benefit from a combination of PDT with Mohs micrographic surgery to reduce tumour size and improve cosmesis [46, 47] . using two ALA-PDT treatments for both nodular and superficial BCC, giving comparable clinical response rates to surgery (95.83% complete response cf. 95.65%). Recurrence rates were also similar (4.16% vs. 4.34%) [39] . Long-term recurrence may limit the use of PDT for nodular BCC, although it may be suitable for cases where surgical excision is not appropriate. Greater frequency of recurrence is observed for more aggressive BCCs, which may be due to genetic mutations conferring resistance to apoptosis. Aggressive subtypes often occur on the face and PDT should therefore be used with caution for facial tumours [30] . Randomised studies with only short-term follow up had previously reported high efficacy for facial nodular BCCs treated with MAL-PDT [35] .
The limited penetration of photosensitisers (1-2 mm) reduces the efficacy of PDT in thicker tumours. No association has been found between superficial BCC tumour thickness (up to 1 mm) and PDT failure [40] . Deep curettage prior to PDT may be beneficial for selected tumours, with cosmetic results maintained [41] . Dimethylsulphoxide (DMSO), which alters the intercellular lipid structure of the stratum corneum, has also been used as a pretreatment penetration enhancer [42] . Favourable 10-year response rates of 75% for primary small BCC have been achieved with curettage and DMSO pretreatment using ALA PDT for one or two sessions [43] . Intralesional ALA and light source application showed promising results in a small prospective study of 20 patients with nodular BCC, with no clinical recurrence observed (mean follow up 19.5 months) [44] . Pretreatment of nodular facial BCC with an ablative fractional laser is not currently recommended as an adjunctive therapy [45] . Preliminary studies have shown some benefit from a combination of PDT with Mohs micrographic surgery to reduce tumour size and improve cosmesis [46, 47] . 
Actinic Keratosis
Actinic keratoses (AKs) are premalignant disorders of keratinocytes occurring on chronically sun-damaged skin. The risk of transformation to SCC in 12 months is between 0.025% and 16% [48] . Spontaneous regression may occur in up to 20% of cases [49] . Multiple AKs are often present and the risk of malignant transformation for individual lesions cannot be determined [50] . Treatment options include cryotherapy, topical immunomodulation, laser and PDT [51] . PDT is a highly effective 
Actinic keratoses (AKs) are premalignant disorders of keratinocytes occurring on chronically sun-damaged skin. The risk of transformation to SCC in 12 months is between 0.025% and 16% [48] . Spontaneous regression may occur in up to 20% of cases [49] . Multiple AKs are often present and the risk of malignant transformation for individual lesions cannot be determined [50] . Treatment options include cryotherapy, topical immunomodulation, laser and PDT [51] . PDT is a highly effective treatment for AKs, recommended by international guidelines for both individual lesions and field treatment [5, 52] .
Tschen et al. reported clearance rates of 78% 12 months after a single ALA-PDT treatment in a Phase IV multicentre study, with few adverse effects [53] . Topical PDT has achieved favourable outcomes in comparison to cryotherapy in some studies [54, 55] . After 12 weeks, novel ALA patch PDT demonstrated superiority to cryotherapy and placebo in a multi-centre Phase III trial [54] . Freeman et al. also observed significantly better lesion clearance rates with MAL-PDT compared to single cycle cryotherapy and placebo at 3 months in a further large prospective randomised study [55] . Despite better outcomes for MAL-PDT at 12 weeks in comparison to double freeze-thaw cryotherapy (86.9% vs. 76.2%), similar efficacy was reported at 24 weeks for face and scalp AKs in a large multi-centre randomised controlled study (89.1% lesion reduction with MAL-PDT, compared to 86.1% for cryotherapy) [50] . Further, Kaufmann et al. reported inferior efficacy of MAL-PDT vs. double cycle cryotherapy for AKs on the extremities in a large randomised multi-centre study (78% and 88% respectively, p = 0.002 per protocol population) [56] . However, superior cosmesis and patient satisfaction is an important advantage of PDT in the management of AKs [50, 54, 55] .
An early randomised paired comparison of single ALA-PDT and topical 5-FU twice daily for 3 weeks found similar outcomes in mean lesion reduction (73% compared to 70%) after 6 months [57] . No significant difference was found in treatment response of facial AKs to topical 5% imiquimod compared to ALA-PDT in a randomised, single-blind, split-face study (n = 50) [58] . Sotiriou et al. observed comparable outcomes for ALA-PDT and 5% imiquimod for Grade 1 (mild) lesions on upper extremities, although ALA-PDT was significantly more effective for Grade 2 (moderate) AKs (57.89% response rate vs. 37.03% for imiquimod) [59] . However, imiquimod showed histological and clinical superiority over MAL-PDT for face and scalp AKs, in a further randomised study of 105 patients [60] . The same study found sequential MAL-PDT and imiquimod 5% significantly more effective than either therapy alone, indicating that combination treatment may be beneficial. An intra-individual comparison of ALA PDT with CO 2 laser for the treatment of scalp AKs reported superior efficacy for PDT [61] .
Improved uptake of photosensitiser and light penetrance can be achieved for hyperkeratotic AKs by physical or chemical keratolytic pretreatment [62] . Topical 10% salicylic acid and 40% urea have similar efficacy to curettage, although chemical pretreatment is associated with increased pain [62] . Ablative fractional laser resurfacing pretreatment may be beneficial for field treatment of moderate to severe AKs [49, 63, 64] . The recent introduction of ALA patch PDT reduces the need for prior debulking of hyperkeratotic AKs [65] . BF-200 ALA is a novel nanoemulsion formulation, which improves the stability of ALA while maintaining efficacy [66] .
Bowen's Disease
BD (SCC in situ) may evolve to invasive SCC in 3-5% of cases [67] . PDT has proven efficacy for treating BD and is recommended for both extensive involvement and poor healing sites [5] . Morton et al. compared MAL-PDT with cryotherapy and 5-FU in a placebo-controlled European multi-centre randomised study of 225 patients [68] . A significantly superior complete response rate was observed at 12 months for MAL-PDT compared to cryotherapy (80% vs. 67%, p = 0.047). Superior cosmesis was achieved with PDT [68] . ALA-PDT has also been found to be significantly more effective for BD than topical 5-FU at 12 months (82% vs. 48% complete clearance at 12 months, p = 0.006) [69] . A small prospective study of 23 biopsy proven extensive BD lesions (>3 cm) achieved 90% clearance with two MAL-PDT treatments, one week apart. Cosmetic outcome at 1 year was good or excellent, with recurrence in only three cases [70] . High total clearance rates (76.09% at 16.61 months) with two MAL-PDT treatments one week apart were reported in a retrospective, observational study of 51 BD lesions, with excellent cosmesis and only mild cutaneous adverse effects [71] . PDT appears to be a highly effective treatment for BD, however, long term follow up data is not yet available. Severe atypia in BD has been associated with a significantly poorer response to ALA-PDT [72] . Further investigation into the role of immunohistochemical factors in the response of BD to MAL-PDT is warranted. A small preliminary study has indicated that p53 and Ki67 expression could be markers of a positive response, although significance was not achieved [73] .
Squamous Cell Carcinoma
PDT is not approved for invasive SCC (iSCC). Complete response rates of 73.2% at 3 months and 53.6% at 2 years have been reported [74] . The degree of cellular atypia contributes to the poor response. This was thought to be due to either reduced sensitivity to phototoxicty or decreased production of PpIX by undifferentiated keratinocytes [74] . Resistance occurs in a proportion of the exceptional iSCC cases treated with PDT, resulting in more aggressive disease. This effect may be due to chromosomal instability, which has been shown to cause overexpression of CCND1 and aberration of the MAPK/ERK signal pathway in immunodeficient mice [75] .
Organ Transplant Recipients
Organ transplant recipients (OTR) have a greater risk of developing NMSC, in part due to the need for long-term immunosuppression [76] . Transplant procedures have also increased due to the ageing population and improved surgical techniques [77] . NMSC represents 95% of cutaneous malignancies in this patient group. The BCC:SCC ratio (4:1) seen in the immunocompetent population is reversed [78] . Higher mortality rates are observed, due to greater frequency and recurrence of lesions. Renal transplant patients have an 82% chance of developing SCC after 20 years [79] . Proactive, multi-disciplinary management of this patient group is challenging.
PDT is an effective treatment for NMSC in OTRs, despite immunosuppressive therapy limiting proinflammatory cytokine recruitment [76] . A randomised, multi-centre study of 81 OTRs with 881 NMSCs (mainly AKs) compared MAL-PDT to standard treatment (either curettage, cryotherapy, surgery or laser). At 15 months, significantly fewer new AKs were found in the MAL-PDT treated area [80] . A further retrospective study found 77.4% clearance using two treatments of MAL-PDT, one week apart. No significant difference was found in recurrence rates of NMSC between OTRs and non-transplant recipients [81] . This was supported by a prospective study of superficial and nodular BCCs in 18 OTRs. Recurrence was observed in only one case following MAL-PDT with a mean follow up of 22.6 months [82] . However, despite similar results at 4 weeks, Dragieva et al. found much lower complete response rates at 48 weeks for AK and BD in OTRs (48%) compared to immunocompetent patients (72%) [83] .
AK management in the OTR patient population is difficult. "Field cancerization" results in multiple, hyperkeratotic AKs, which require pretreatment and are more likely to recur [76, 83] . PDT may be useful as a preventative measure in this patient group. An overall complete response rate of 56 out of 62 AKs following two MAL-PDT treatments one week apart was reported by Dragieva et al. in a randomised, placebo controlled, double blind study of 17 OTRs [84] . A randomised, single blinded, intra-individual trial of 25 renal transplant patients recently investigated repeated sessions of prophylactic PDT for prevention of field cancerization. After 3 years of follow up, there were significantly fewer AKs in PDT-treated compared to non-treated skin (8 vs. 43 respectively, p = 0.002) [85] . These findings were supported by Wulf et al. in a randomised pilot study of 27 renal OTRs, showing a significantly longer mean time to occurrence of new lesions in areas treated with MAL-PDT [86] . A small pilot study of cyclical ALA PDT reported benefit in the prevention of invasive and in situ SCC in organ transplant recipients (79.0% and 95% reduction in baseline SCC lesion count at 12 months and 24 months respectively). However, the study was limited by the small sample size (n = 12) and pretreatment of SCCs prior to commencing PDT [87] . Cyclical PDT may be beneficial for the prevention of AKs and SCC in this high-risk population, but further randomised studies with extended follow up are needed.
Gorlin Syndrome
Gorlin syndrome (naevoid basal cell carcinoma syndrome) is an autosomal dominant mutation of the PTCH-1 gene of the hedgehog signaling pathway, resulting in multiple early BCCs [88] . Surgical excision is the traditional gold standard of treatment, with the potential for significant scarring and disfigurement [89] . Adverse effects and variable response rates have limited alternative management options. Radiotherapy is contraindicated due to a paradoxical increase in BCCs related to the PTCH mutation [89] . Several small studies have supported the use of MAL-PDT for patients with Gorlin syndrome. Favourable cosmetic results have been achieved, with complete clearance in many cases [88] [89] [90] [91] [92] [93] .
Systemic PDT using Photofrin ® has shown benefit in a small case series. Madan et al. found 74.2% clearance of thicker BCCs following one treatment of Photofrin ® (n = 7). Interstitial optic diffuser fibres used in addition to a light source increased clearance to 87.6% in two cases [92] . Loncaster et al. studied systemic (Photofrin ® ) and topical (ALA or MAL) PDT in 33 Gorlin syndrome patients, using ultrasound to accurately assess tumour thickness and recurrence [89] . Complete clearance at 12 months was only 56.3%, which could reflect the greater sensitivity of ultrasound in detecting sub-clinical recurrence [89] .
MAL-PDT is now approved in several countries for treating superficial and nodular BCC in this patient group [94] . It is also suitable for paediatric patients and the use of ropivacaine-lidocaine tumescent anaesthesia has been reported to increase tolerability [88] . A European consensus on MAL-PDT in Gorlin syndrome was published in 2014. This recommended MAL-PDT as a safe and effective alternative to surgery for all superficial BCCs and nodular BCCs <2 mm thickness [94] .
Future Directions
New strategies for improving the efficacy and tolerability of PDT are under continuous development. Several classes of novel photosensitisers, for example fullerenes and phenothiazines, have been proposed [95] . The potential of low dose lipophilic Hexyl-5-aminolaevulinate (HAL) 0.2% to provide deeper penetration was investigated in comparison to MAL-PDT in a randomised pilot study. Comparable results were found for mild AKs, but HAL was less effective for moderate to severe lesions [96] . Better uptake and targeting of photosensitisers may be achieved in the future, using novel delivery systems such as nanoparticles, micelles or liposomes [95] .
Pain is a key limiting factor to cPDT and the advent of daylight PDT is a promising development. The use of alternative light sources to decrease pain is also being investigated. Light emitting diodes (LED) deliver low irradiance and have shown good efficacy for treating BD, superficial BCC and AKs in preliminary studies [97, 98] . Outcomes for pain control have been variable and the true benefit is yet to be determined. LED is lightweight and suitable for ambulatory PDT, which may provide greater convenience for patients [97] . New indications for PDT currently under exploration include cutaneous infections, inflammatory dermatoses, cutaneous T-cell lymphoma and extra-mammary Paget's disease. Treatment of skin photoageing is also under investigation [99] .
Conclusions
PDT has proven efficacy for certain types of NMSC (AK, BD, superficial BCC), with the benefit of excellent cosmetic results and the potential for field treatment. PDT should be used with caution for nodular BCC. Prophylactic PDT and field treatment for specialised patient groups, such as organ transplant recipients, are promising developments. The optimisation of techniques with daylight PDT, improved photosensitiser delivery to target tissues, new generation photosensitisers and novel light sources may expand the role of PDT in NMSC management in the future. 
